Mature adipocytes are excellent candidates to influence tumor behavior through heterotypic signaling processes since these cells produce hormones, growth factors, cytokines and other molecules, a heterogeneous group of molecules named adipokines. Using a 2D coculture system, we demonstrate that breast tumor cells previously co-cultivated with mature adipocytes exhibit radioresistance and an earlier and higher increase in the effector kinase Chk1, a phenotype that was associated with decreased cell death as compared to tumor cells grown alone. Interestingly, the adipocytes-induced tumor changes taking place during the coculture time preceding the exposure to IR were sufficient to confer the radioresistant effect. Notorious among the changes brought by adipocytes was the significant increase of IL-6 expression in tumor cells, whose activity may well account for the observed tumor cell protection from IR toxicity. Indeed, our data confirmed the protective role of this cytokine as tumor cells incubated after irradiation with recombinant IL-6 exhibit an increased in Chk1 phosphorylation and a radioresistant phenotype, thus far recapitulating the effects observed in the presence of adipocytes. Our current study sheds light on a new role of tumor-surrounding adipocytes in fostering a radioresistant phenotype in breast tumors, a finding that might have important clinical implications in obese patients that frequently exhibit aggressive diseases.
Introduction
Radiation therapy (RT) remains an integral component of the current available therapeutic strategies in the treatment of malignant disease. The use of therapeutic doses of ionizing radiation (IR) as a primary sole treatment modality, or in combination with surgery and chemotherapy, results in high rates of loco-regional control in a majority of cancer patients. However, a significant number of patients will experience relapse (for review see [1] ) suggesting a possible radioresistant phenotype of tumor cells, and the functional mechanisms behind the radioresistance need to be understanding. IR induces a range of cellular lesions in genomic DNA, thought to be the most important subcellular target molecule. DNA breaks initiates a DNA damage response that coordinates cell-cycle transitions, DNA repair and cell death [2] . The protein kinases Ataxia telangiectasia mutated (ATM) and ATR (ATM and Rad3 related), as well as their downstream substrates Chk1 and Chk2 are central players in determining cellular responses to DNA damage [2] . Although a majority of these lesions are repaired, some unrepaired breaks may be generated and lead to chromosomal aberrations and post-mitotic cell death. This mode of cell death is considered to be the major mechanism by which the majority of solid tumors respond to clinical RT [3] .
Cancer is a tissue-based disease in which malignant cells interact dynamically with multiple normal cell types such as fibroblasts, adipocytes, infiltrating immune cells and endothelial cells within the context of extra-cellular matrix [4] . Of all cell types present in the microenvironment, adipocytes are probably the least well studied despite the fact that they correspond to one of the most prominent cell type in tissues such as breast [5] . Until recently, adipocytes were mainly considered as an energy storage depot, but there is now clear evidences pointing to the fat tissue as an endocrine organ that produces an heterogeneous group of molecules called adipokines (i.e. hormones, growth factors, cytokines) [6] prone to affect tumor behavior (for review see [7] ). We have recently demonstrated that adipocytes participate in a highly complex vicious cycle orchestrated by cancer cells to promote tumor invasion [8] . Invasive cancer cells dramatically impact surrounding adipocytes that exhibit a modified phenotype and specific biological features (delipidation, overexpression of inflammatory cytokines) sufficient to be named ''Cancer-Associated Adipocytes (CAAs)'' [8] . Several to radiation exposure [9] [10] [11] [12] [13] . These findings led us to analyze the effect of the adipocyte and tumor cells crosstalk on breast cancer cell response to IR. This issue is of major clinical importance since adiposity is associated with reduced likelihood of survival and increased likelihood of recurrence regardless of the menopausal status even in women with breast cancer that is negative for estrogen receptor (for review see [7] ).
Materials and methods

Cell lines and cell culture
The murine 3T3F442A pre-adipocyte cell line was cultured in DMEM medium supplemented with 10% of fetal calf serum (FCS). The differentiation was induced by incubating confluent cells in differentiation medium (DMEM supplemented with 10% FCS plus 50 nM insulin) for up to 14 days as described previously [14] . The term ''mature adipocytes'' represents cells that have been differentiated for 10-14 days. The human mammary carcinoma cell line SUM159PT (provided by Dr. J. Piette, IGMM, Montpellier, France) was grown in Ham F12 medium complemented with 5% FCS, 1 mg/ml hydrocortisone (Sigma) and 0.2 UI/ml insulin. All cell lines were incubated at 37°C with 5% CO 2 in the air. All culture media (Life Tech) were supplemented with antibiotics. the culture medium of adipocytes with or without mature adipocytes in the lower chamber during 3 days. After this period, cocultures were irradiated at the indicated doses using a 130 kV X-ray machine (Faxitron RX-650), with a dose rate of 0478 Gy/min and further incubated during 48 h in the presence or not of adipocytes. Cell survival after irradiation was determined by clonogenic assay. Tumor cells were trypsinized and plated at low density (500 cells/ 60 mm 2 dishes, three dishes per conditions) in complete medium and incubated for 10 days. Colonies were stained with crystal violet and counted under a microscope, with 50 cells as the minimum number to define a surviving colony. In certain conditions, SUM159PT cells were post-incubated after irradiation in the presence of IL-6 (30 ng/ml) (obtained from Peprotech).
Radiation treatment and cell survival determination
DAPI staining and post-mitotic cell death detection
About 5 Â 10 4 SUM159PT cells were plated on coverslips in the upper chamber of the Transwell culture system and co-cultivated or not with mature adipocytes. Three days after, cells were exposed to 5 Gy followed by 96 h of incubation. Cells were then washed in PBS and fixed with paraformaldehyde (3.7%) for 15 min at room temperature. Coverslips were rinsed three times with PBS and permeabilized 5 min with 0.1% Triton X-100. Cells were then incubated 15 min at 37°C with 10 lg/ml of DAPI (4,6-diamidino-2-phenylindole). Nuclei staining were visualized using a laser scanning spectral confocal microscope (Leica SP2). Post-mitotic dying cells showed abnormal mitosis with the formation of large cells with multiple micronuclei [15] . Percentage of giant multinucleated cells was determined dividing the number of multinucleated cells by the number of total cells counted for each condition (at least 100 cells were counted for each condition).
RNA extraction and quantitative RT-PCR (qPCR)
Total RNAs were extracted using the RNeasy mini kit (Qiagen GmbH). Gene expression was analyzed using real time PCR as described previously [16] . The primers to detect IL-6 mRNA were sense primer: 5 0 -AGGGCTCTTCGGCAAATGTA-3 0 , antisense primer: 5 0 -GAAGGAATGCCCATTAACAACAA-3 0 Fluorescence was monitored and analyzed in a GeneAmp 7300 detection system instrument (Applied Biosystems). Analysis of 18S ribosomal RNA was performed in parallel using the ribosomal RNA control TaqMan assay kit (Applied Biosystems).
Cell extracts and Western blot
Whole cell extracts and Western blot experiments were performed as previously described [17] . The following antibodies were used: b tubulin (clone DM1A) obtained from Neomarkers; pChk1 (Ser345), pChk2 (Thr68), pSTAT-3 (Tyr 705) and Chk1 (2G1D5) obtained from Cell Signaling Technology.
Results
Coculture with adipocytes increases tumor cell survival and enhances Chk1 activation after IR exposure
To characterize the possible effects of adipocytes on IR-induced cytotoxicity of tumor cells, we used the in vitro coculture system previously described [8] . Human cancer cells SUM159PT were grown for 3 days on inserts, allowing the diffusion of soluble factors, in the presence or not of mature adipocytes obtained from the in vitro differentiation of the murine preadipocyte cell line 3T3F442A [18] . After this incubation period, cells were irradiated and further incubated for 48 h. The survival fractions after IR exposure of SUM159PT cells previously co-cultivated or not with mature adipocytes were determined by clonogenic assays. As shown in Fig. 1 , coculture with adipocytes significantly decreased IR-cytotoxicity in tumor cells (survival fraction at 2 Gy, SF 2 = 0.312 when tumor cells were not co-cultivated, SF 2 = 0.57 when cells were cocultivated with mature adipocytes, p < 0.001). We next examined the phosphorylation pattern of the two effector kinases Chk1 and Chk2 in these cells. As shown in Fig. 2A , a higher and earlier (see after 8 h) increase in Chk1 phosphorylation was observed in irradiated SUM159PT cells that have been previously cocultivated with adipocytes as compared to tumor cells grown alone. Note that the level of expression of Chk1 remains constant between the two different culture conditions and was not affected by irradiation. By contrast, the level of Chk2 phosphorylation after IR exposure was not affected by the coculture. Given that irradiation-induced DNA double-strand breaks leads to chromosomal rearrangements, mitotic catastrophe, and ultimately to mitotic cell death, the appearance of giant multinucleated cells can be measured as a way to quantify cells undergoing mitotic cell death due to irradiation [15] . We therefore quantified the occurrence of giant multinucleated cells 96 h after exposure to 5 Gy irradiation. Indeed, as shown in Fig. 2B , there was an approximately 2-fold decrease in the percentage of occurring giant multinucleated cells (p < 0.01) in adipocytes-co-cultivated cells as compared to tumor cells grown alone. Taken together, these compelling results show that adipocytes protect tumor cells from IR toxicity by preventing mitotic cell death through the induction of molecular factors important for the regulation of this pathway such as Chk1, as previously described [19, 20] .
The putative role of IL-6, secreted by tumor cells, in radioresistance
Having described the effects of adipocytes on IR-induced cytotoxicity of tumor cell, we wanted to further understand the establishment of tumor cell radioresistance using our in vitro coculture system. We first investigated whether the presence of adipocytes within the first 48 h following exposure to IR was necessary to observe the radioprotective effect. Accordingly, previously co-cultivated tumor cells were irradiated and post-incubated for 48 h in the presence or not of adipocytes. Tumor cells grown alone in inserts during the entire time of the experiment were used as a negative control. The experimental design of these experiments is recapitulated in Fig. 3 (upper panel) . As shown in Fig. 3 (lower panel), we found that while co-cultivated tumor cells were protected from IR-induced cell death, this effect was independent of the presence of adipocytes in the post-treatment period. These results demonstrate that the radioprotective effect is conferred by the changes induced in tumor cells by the coculture period prior to irradiation. According to the emerging role of inflammatory cytokines in the response of tumors to RT [21] , we performed an extensive search for cytokines expressed by tumor cells after 3 days of coculture with adipocytes using qPCR analysis. Among the cytokines examined, we observed an exclusive 3-fold increase in IL-6 mRNA expression (Fig 4A, left panel p < 0.01) , whereas that of IL-1b or TNFa was not significantly affected (data not shown). ELISA experiment revealed that IL-6 secretion was undetectable when tumor cells were not co-cultivated, whereas the level of IL-6 secreted reached 2.5 ± 0.05 ng/ml (mean of three independent experiments) when tumor cells were co-cultivated with mature adipocytes for 3 days. Furthermore, the incubation of SUM159PT cells with IL-6 after irradiation led to an enhanced Chk1, but not Chk2, phosphorylation similar to that of signal transducer and activator of transcription (STAT)-3, reflecting IL-6-specific activity (Fig. 4A, right panel) . We then decided to test the direct effects of this important cytokine in conferring radioresistance to tumor cells in our model. As a matter of fact, when irradiated SUM159PT cells where post-incubated with IL-6 at 2.5 ng/ml and 30 ng/ml, a dosedependant increase in the surviving fraction was observed as com- pared to untreated cells (Fig. 4B , p < 0.01 at 2.5 ng/ml, p < 0.001 at 30 ng/ml). Altogether, these results suggest that IL-6 expression in tumor cells, induced by the cross-talk with adipocytes, might play a role in their acquisition of radioresistance.
Discussion
Several studies have demonstrated that the stroma (including endothelial cells, fibroblasts or macrophages) could cooperate to modulate the response of tumors cells to radiation exposure [9] [10] [11] [12] [13] . In this context, little attention has been given to the mature adipocytes, although it is obvious that they represent the most prominent cell type in breast tumor stroma. In the first part of our study we demonstrated that breast cancer cells co-cultivated with mature adipocytes exhibit both a decreased in IR sensitivity and post-mitotic cell death (see Figs. 1 and 2B) , highlighting the role of adipocytes in fostering breast tumor cell radioresistance. Interestingly, adipocytes-induced tumor changes during the coculture time that precedes exposure to IR were the key determinant of the observed effect (see Fig. 3 ). These results suggest that tumorsurrounding adipocytes are able to induce inherent resistance in tumor cells rather that contributing to transient induction of protective pathways following radiation exposure, in opposition to stromal fibroblasts that confer radioresistance to breast tumor cells through the release of soluble factors [10] . This effect of adipocytes might not be limited to IR amongst the strategies used to treat cancer. In fact, it has been recently demonstrated that adipocytes prevented chemotherapy-induced apoptosis in leukemia, and this was associated with the increased expression of two prosurvival signals Bcl-2 and Pim-2 in leukemia-co-cultivated cells [22] . Among the cytokines secreted by tumor cells, we identified IL-6 as a good candidate to confer, in an autocrine fashion, a radioresistant phenotype to tumor cells. First, IL-6 was overexpressed in co-cultivated cells as compared to cells grown alone (Fig. 4A) . Secondly, the post-incubation of irradiated tumor cells with recombinant IL-6 was able to reproduce the radioprotective effect, in a dose dependent manner (Fig. 4B) . There is accumulating evidence in the literature that inflammatory signaling pathways modulate the response of tumors to RT [21] . In contrast to other cytokines, few studies have involved IL-6 in radioresistance [23, 13, [24] [25] [26] [27] . IL-6 activates several intracellular signaling pathways. Binding of IL-6 to its receptor activates the Janus family of kinases (JAK1, JAK2, and TYK2) and these kinases phosphorylate STAT-3, promoting its nuclear transfer and transcriptional function [28] . Interestingly, STAT-3 activation, by its ability to promote the expression in prosurvival genes such as survivin and bcl-X, has also been involved in radioresistance [29] . Our current study suggests that the increase in Chk1 phosphorylation might be involved in the observed radioresistant phenotype (see Figs. 2A and 4A) . Previous studies linked Chk1 activity and cell survival after IR exposure. Its depletion triggers an important radiosensitive effect mainly due to aberrant mitosis [19, 20] whereas increased levels of phosphorylated Chk1 are associated to both chemo-and radioresistance [30, 31] . Interestingly, a recent paper by Jin and colleagues demonstrated that in cells treated with cytokines (e.g. IL-3 or EPO), the increase in Chk1 phosphorylation, triggered by the activation of the Akt/ GSK3 pathway, contributed to the occurrence of a chemoresistant phenotype [31] . In our model, additional experiments are needed to decipher the signaling pathways involved, since IL-6 is also able to activate the phosphoinositol 3 kinase (PI3K)-protein kinase B (PkB/Akt) pathway, as JAK can phosphorylate PI3K [32] . In conclusion, our work demonstrates for the first time, a role for tumor-surrounding adipocytes in fostering radioresistance in tumor cells. This work paves the way for future cellular studies aimed at determining the molecular mechanism involved and the impact of this new crosstalk in obesity conditions. Such studies will provide unique opportunities to set-up specific strategies for the treatment of the subsets of patients exhibiting aggressive diseases.
